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Introduction
Ceria-supported noble metal-based materials are currently receiving much interest as promising oxidation-resistant and durable low-temperature water-gas shift (WGS; CO + H 2 O → CO 2 + H 2 ) catalysts [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . The role of formates as potential reaction intermediates has been much discussed, often as an alternative route to a redox mechanism [13] [14] [15] [16] [17] [18] [19] [20] . Burch re-cently reviewed the field of WGS over Au-based catalysts and proposed a unified WGS mechanism in which the redox route would derive from other routes at the higher temperatures, at which adsorbate surface coverage becomes low [21] . An important feature of this model is the recognition that the dominant mechanism will be a function of the choice of catalyst and the experimental conditions.
Following earlier work by Shido and Iwasawa [3, 22] , Jacobs et al. [23] [24] [25] [26] [27] proposed that the formates generated by the reaction of CO with bridging OH groups associated with the Ce 3+ defects were main reaction intermediates. The formates were thought to decompose to CO 2 (g) via surface carbonate species. Kinetic isotope effect and isotopic tracer studies suggested that the rate-limiting step of the forward formate decomposition was the C-H bond rupture, aided by the noble metal [25] . Behm et al. [28] carried out a quantitative analysis of the rate of formate surface decomposition over a Au/CeO 2 catalyst and proposed that formates could account for about half of the CO 2 produced. This calculation was based on the nonsteady-state measurement of the rate constant of formate decomposition (i.e., during desorption under 2% H 2 O in N 2 ) and an estimate of the formate surface coverage determined via TPD under N 2 of a catalyst pretreated under WGS conditions. Meunier et al. [29] recently proposed that formates can potentially be reaction intermediates over Pt/CeO 2 above 473 K, whereas the formate species seen by DRIFTS were merely reaction spectators below this temperature. It is important to stress that in none of the aforementioned studies, including the one carried out by some of us [29] , were the formate decomposition rate constant and surface coverage determined simultaneously at the chemical steady state under WGS reaction conditions.
Meunier et al. showed that the reactivity of surface species over Pt/CeO 2 can dramatically depend on the experimental procedure used [30] . Based on DRIFTS analyses combined with the utilization of isotopic tracers, steady-state experiments showed that formates were less reactive than carbonyl and carbonate species under steady-state conditions, whereas the reverse trend was observed during the desorption-type nonsteady-state experiments carried out in an inert purge gas. The operando DRIFTS-SSITKA method used in the present study uses a single catalytic bed, which allows DRIFTS characterization of the surface of the very same catalyst that is responsible for the catalytic activity measured at the cell exit by gas chromatography or mass spectrometry [8] . This methodology is a powerful tool for an in-depth investigation of catalysts under reaction conditions, similar to the method developed earlier for transmission FTIR by Chuang et al. [31, 32] .
The present paper deals with reactivity in terms of isotopic exchange of the surface species formed over an Au/Ce(La)O 2 catalyst under forward WGS conditions (i.e., 2% CO + 7% H 2 O). The main objective was to investigate the reactivity of the surface formates species observed under reaction conditions. A fully quantitative analysis was carried out to determine both the rate constant of formate decomposition and the surface coverage of formate under steady-state reaction conditions. This methodology allowed us to compare the specific rate of CO 2 formation to that of formate decomposition and to conclude that the formates detected by DRIFTS are not important reaction intermediates in CO 2 formation.
Experimental
The catalyst used in this study was a 0.6 at% Au + 7.3 at% La/CeO 2 (abbreviated 0.6AuCL) prepared by NaCN leaching of a higher Au-loading parent material [7] . The bulk composition was determined by ICP. The concentration of La near the surface was determined by XPS to be 19.1 at%, much higher than the bulk content of 7.3 at% La, due to La enrichment of the surface during the calcination step at 673 K. The BET specific surface area was 161 m 2 g −1 . The purity of the gases used (H 2 , Kr, CO, and Ar, supplied by BOC) was >99.95%. The 13 CO was 99% pure (supplied by Cambridge Isotope Laboratories Inc.).
The experimental setup consisted of an in situ high-temperature diffuse reflectance IR cell (from Spectra-Tech) fitted with ZnSe windows. The DRIFTS cell was located in a Bruker Equinox 55 spectrometer, operating at a resolution of 4 cm −1 . The reactor crucible was modified to ensure plug-flow conditions throughout the catalyst bed. The interface between the ceramic reactor and the metallic base plate was sealed with some PTFE tape to prevent any sample bypass. The original porous bed to support the sample was replaced by an inert metallic mesh. The reaction rates measured using the cell was equal to that measured in a conventional tubular plug-flow reactor (vide infra). No conversion of reactant was observed when the crucible was heated up to the reaction temperature in the absence of the catalyst. The cell was connected to the feed gas cylinders through low-volume stainless-steel lines. The gas flows were controlled by Aera mass flow controllers, which were regularly calibrated. A 4-way valve was used to allow fast switching between two reaction feeds, when appropriate. High-purity water was introduced using a single saturator, which delivered a constant and accurate level of water. Note that the water delivery was totally unaffected by the valve switching (as determined by MS or GC analyses [29] ).
The amount of catalyst used in the DRIFTS reactor was 78 ± 2 mg (particle diameter <150 µm). Unless stated otherwise, the material was brought up to reaction temperature under Ar, and then 7 vol% of water was added to the Ar stream. A reference DRIFTS single scan was recorded after stabilization of the signal. The reaction mixture (typically 2% CO + 7% H 2 O in Ar) was subsequently introduced at a total flow rate of 100 ml min −1 . The reaction flow was going down the reactor bed; therefore, the upper layer of the catalyst (which is probed by the DRIFTS technique) was the front of the bed.
Steady-state conditions in terms of the concentration of the surface species measured by DRIFTS were reached in less than 30 min. The assignment of the IR bands and the integration method are described in Section 3. The IR data are reported as log 1/R, with R = I/I 0 , where R is the sample reflectance, I 0 is the intensity measured on the sample after exposure to 7% water, and I is the intensity measured under reaction condition. The function log 1/R (="absorbance") gives a better linear representation of the band intensity against sample surface coverage than that given by the Kubelka-Munk function for strongly absorbing media such as Pt/CeO 2 [33] .
The determination of the level of exchange of the surface species during the isotopic switch was carried out using a least squares method based on the linear combination of the initial 12 C-containing and fully exchanged 13 C-containing spectra. The 2650-3100 cm −1 region was used for the formates, 2400-2250 cm −1 was used for CO 2 , and 750-1000 cm −1 was used for the carbonates (Fig. 4) . This method appeared to be accurate and led to an improved signal-to-noise ratio compared with that reported earlier [30] . A solver algorithm based on Microsoft Excel was used for the parameter optimization. The 12 C and 13 C responses were symmetric, so any set of exchange curves could be used to compare the relative rate of exchange.
Results

Sample activity and DRIFTS reactor evaluation
The WGS activity of the 0.6AuCL was measured between 398 and 473 K in our modified DRIFTS cell (in Belfast) and compared with that evaluated in a traditional quartz plug-flow reactor (in Medford) using the same feed, that is, 2% CO + 7% H 2 O in Ar (Fig. 1 ). Only the rates of CO 2 formation for which the CO conversion was <15% (i.e., essentially differential conditions) are reported in Fig. 1 . A perfect agreement between the rates measured over the two different reactors was observed. The apparent activation energy of CO 2 formation was 40.0 kJ mol −1 .
Nature of the IR spectra and assignment of IR bands
The in situ DRIFTS spectrum observed over the 0.6AuCL at 493 K under 7% H 2 O in Ar (using a mirror as background) is shown in Fig. 2a . The sample surface was highly hydroxylated, as evidenced by the large band observed in the 3700-2500 cm −1 region, which corresponds to the stretching mode of hydrogen-bonded hydroxyls. The band at 3658 cm −1 is associated with doubly coordinated hydroxyl groups (type II) [34] . The broad band observed in the region between 1800 and 1100 cm −1 indicated the presence of several OCO-containing species, such as carbonates and carboxylates, typically observed over basic solids, such as ceria [35] [36] [37] [38] . The presence of carbonate species was clearly evidenced by the 855-cm −1 band, assigned to the carbonate out-of-plane bending vibration.
The spectrum of the sample at steady-state conditions at 493 K under 2% CO + 7% H 2 O in Ar (using a mirror as background) exhibited some marked modifications (Fig. 2b) . New bands at 2946 and 2830 cm −1 were observed, which were associated with the combination band (C-H) + ν s (OCO) and ν(C-H) of a bidentate formate species, respectively [38] . The additional bands in the 1800-1200 cm −1 region were due in part to the stretching vibration modes (symmetric and asymmetric) of the OCO group of formate and carbonate species. The formates were likely formed by reaction of CO with the ceria type II hydroxyls, which were no longer observable. Due to the complexity of the band at 1800-1200 cm −1 , the deconvolution and interpretation of this region was not attempted. The band observed at 2125 cm −1 is not related to any metalbonded carbonyl groups, because no shift of the band occurs when switching to 13 CO (see the next paragraph), but rather to a normally forbidden electronic transition of partially reduced ceria [39] . This actually indicates that ceria was partly reduced under our reaction conditions. The spectrum obtained under WGS conditions (i.e., 493 K under 2% CO + 7% H 2 O in Ar) is also shown using the spectrum of the sample recorded in the presence of water only as background (Fig. 3a) . The minor wavenumber differences observed between Figs. 2b and 3a are due simply to the baseline corrections. The formate (2945 and 2832 cm −1 ) and carbonate (853 cm −1 ) bands were clearly visible. The spectrum obtained 30 min after switching to the corresponding 13 C-labeled feed (i.e., 2% 13 CO + 7% H 2 O in Ar) is reported in Fig. 3b . Both the formate and carbonate bands shifted to lower wavenumbers, for example, from 2832 to 2816 cm −1 for the formate and from 853 to 834 cm −1 for the carbonates. The isotopic exchange of these surface species was almost completed after 30 min at this temperature (vide infra). The band at 2132 cm −1 was unchanged when switching to the 13 C-feed; a red shift of ca. 50 cm −1 would be expected when replacing a 12 CO(ads) with 13 CO(ads). Such CO(ads) red shifts are easily observed on Ptbased catalysts [8] , which are known to bond CO even more strongly than Au-based materials do. This observation stresses that the 2132 cm −1 band observed here was not due to any carbonyl species, but simply to an electronic transition occurring over reduced ceria, as discussed by Lavalley et al. [39] .
Formate, carbonate and CO 2 signal exchange over 0.6AuCL
The kinetics of the exchange of the formate and carbonate species and that of the reaction product CO 2 were followed using the DRIFTS spectra recorded at three different temperatures. The 12 CO 2 and 13 CO 2 relative concentrations were measured using the gas-phase DRIFTS bands at 2400-2250 cm −1 (Fig. 3b) . Formate and carbonate exchange curves were determined using the 3100-2700 and 1000-750 regions, respectively (Fig. 4) . The data shown in Fig. 4 revealed that the exchange of formates and carbonates over the sample was not fully completed after 30 min under labeled feed, even at the highest temperature investigated (493 K), at which it reached 95%. The level of exchange of formates after 30 min was 73% at 458 K and 48% at 428 K.
Although the exchange of formates and carbonates was only partial after 30 min, the exchange of CO 2 was always essentially completed within 20 min at the three temperatures investigated (see the 13 CO 2 signal in Figs. 5 and 6 for the cases at 428 and 493 K; the data at 458 K are not shown for the sake of brevity).The curves associated with the CO 2 exchange were approximated by a single exponential function (Fig. 7) , and the corresponding rate constant Arrhenius plot (Fig. 7 , insert) yielded an apparent activation energy of CO 2 exchange of 23.7 kJ mol −1 . It is worth stressing that the apparent activation energy for the formation of CO 2 was equal to 40.0 kJ mol −1 (see Section 4.1), significantly different from that of the exchange of CO 2 .
The exchange of the carbonate and formate species appeared to proceed at a similar rate (see the 12 C-formate and 12 Ccarbonate signals in Figs. 5 and 6). It is obvious from Figs. 5 and 6 that a fraction of the formates and carbonates exchanged on a similar time scale to that of the CO 2 , whereas the remainder exchanged much more slowly. Accordingly, the curves associated with the exchange of the formate and carbonate signals could not be fitted to a simple exponential plot, as would be expected for a first-order exchange of uniform species. As an . Relative evolution of the intensity of 12 C-containing carbonate band ("), 12 C-containing formate band (×) and 13 example, the formate exchange curves are reported in Fig. 8 using a semilogarithmic plot, which shows that the corresponding lines clearly are not straight.
The sum of two exponential terms was sufficient to obtain a satisfactory fit of the exchange signals for formates and carbonates (not shown). The coefficients of the exponential terms (i.e., pre-exponential factor A and rate constant k) for the modeling of the formate and carbonate signals are reported in Table 1 . Assuming the relevance of a two-species model, the parameters were assigned the letters "s" for slow and "f" for fast with respect to the slower-and faster-exchanging species related to the lower and higher rate constant, respectively. The Arrhenius plots for the slow and fast formates and carbonates rate constants are shown in Fig. 9 . The fast formates were exchanged between 10 (at 493 K) and 20 times faster (at 428 K) than the slower counterpart. The slower-exchanging formate species exhibited a higher apparent activation energy of decomposition (i.e., 60.8 kJ mol −1 ) compared with the faster-exchanging for- Fig. 6 . Relative evolution of the intensity of 12 C-containing carbonate band ("), 12 C-containing formate band (×) and 13 mates (i.e., 29.9 kJ mol −1 ). The pre-exponential factors A s and A f represent the fraction of the slow and fast species (i.e., A s + A f = 1), respectively. It can be noted that the proportion of fast formate increased at the higher temperatures. Essentially similar observations were made in the case of the carbonates, but both slow and fast carbonates exhibited similar activation energies of decomposition. Again, we see that the apparent activation energy of 40.0 kJ mol −1 (see Section 4.1) for the formation of CO 2 (determined from the reaction rate values) is significantly different from that of the decomposition of any of the surface species reported above.
Quantification of the formate concentration over 0.6AuCL
The quantification of the specific concentration of formate species at the surface of the 0.6AuCL was determined via a calibration curve, which was obtained from standard samples prepared by incipient wetness impregnation of the ceria-lanthana (CL) support with a solution of sodium formate. The standard samples did not contain any Au to prevent the decomposition of the adsorbed formates with time. The spectrum of the standard loaded with 0.125 wt% formate on CL is shown in Fig. 10a , along with an in situ spectrum obtained under WGS conditions over the 0.6AuCL at 458 K. The calibration plot was drawn by reporting the area of the 2830 cm −1 peak as a function of the concentration of the standard (Fig. 10b) . The values of formate concentration at the three temperatures investigated are reported in Table 1 , in 10 −6 mol per gram of catalyst. These values corresponded to a surface density of about 1.2 × 10 −7 mol m −2 .
Comparison of the formate decomposition rate and the rate of CO 2 formation
The relevance of the formate seen by DRIFTS in the formation of CO 2 must be evaluated by comparing the molar rate of Fig. 9 . Arrhenius plots of the rate constant related to the exchange of the fast formates ( ), the slow formates (Q), the fast carbonates (!) and the slow carbonates ("). The corresponding apparent activation energies are also reported.
formate decomposition to that of CO 2 formation per mass of catalyst. The specific rate of CO 2 formation was simply determined from the accurate measurement of the CO 2 concentration in the DRIFTS cell exhaust gas by gas-chromatography, the sample weight in the DRIFTS crucible and the flow rate of reactants used. The rate of formate decomposition was calculated as the sum for the fast and slow formates of the corresponding product of the rate constant for exchange and the concentration (Table 1 Note that the decomposition rate of the slow formate species was almost negligible compared with that of the fast formates. The semilogarithmic plot reporting the rates in Fig. 11 shows that the rate of formate decomposition was more than an order of magnitude smaller (ca. 60-fold) than the rate of CO 2 formation.
Discussion
Ceria oxidation state and nature of the surface species
The combination of the in situ DRIFTS and the SSITKA technique facilitated the assignment of the bands observed under WGS conditions over the 0.6% Au/Ce(La)O 2 catalyst. In particular, the band observed here at 2132 cm −1 (located at 2125 cm −1 before baseline correction) appears to be solely due to the normally forbidden electronic transition of reduced ceria [39] and not to any CO(ads), because no band shift was observed on CO(g) isotopic exchange (Fig. 3) . Note that a band at ca. 2130-2140 cm −1 was observed on the same sample from 120 to 373 K and assigned to CO adsorbed on Au + n clusters in work reported by some of us elsewhere [10] . However, the experimental conditions used here are markedly different, that is, significantly higher temperatures (428-493 K) and the presence of 7% H 2 O. The bonding of CO on Au is typically weak, which explains the fact that no carbonyl bands could be detected in the (Fig. 1). range of higher temperatures used here. The corresponding low surface coverage of Au by CO suggests that CO adsorption may be the rate-determining step of the WGS reaction. As a matter of fact, a CO reaction order of 1 is often observed for Au-based WGS catalysts [40] . This is in contrast with Pt/CeO 2 catalysts, for which a strong carbonyl band is observed even around 500 K [30] and the CO reaction order is typically 0 [5, 15] .
The bands associated with formate and carbonate species were broad and ill-defined (Figs. 2-4) , as would be expected over a high-surface area nanocrystalline sample. Nonetheless, our DRIFTS-SSITKA experiments were able to identify a nonuniform reactivity of the surface formates and carbonates, because neither the formate (Fig. 8 ) nor the carbonate (not shown) exchange curve fit a simple exponential decay. Note that first-order exchanges, which are associated with single exponential laws, have been observed for formates under similar reaction conditions over Pt/CeO 2 [29] and Pt/ZrO 2 [41] . The fact that a sum of two exponential terms could represent the exchange of formates and carbonates suggests that two main types of reactivity were present. This observation is crucial, because formate and carbonate species in the WGS reaction are usually considered to exhibit the same reactivity. Davis et al. [27] recently reported two different types of formates over Pt/Ce(Zr)O 2 materials relating to Ce-rich or Zr-rich regions, but it was not clear whether these species displayed the same reactivity.
As mentioned by one of the referees, an apparent twofold increase in formate reactivity also could have arisen from a variation of the molar absorption coefficient (absorptivity) with surface coverage. But we believe that this was not the case here, for the following reasons. First, the proportion of slow formate species varied quite significantly (between 60% and 30%) over the temperature range investigated, whereas the total formate concentration remained essentially constant (Table 1) . A change of absorptivity with coverage cannot explain these observations. In other words, a variation of absorptivity would have to be considered only if the proportion of slow formates was the same at all temperatures, which could then be possibly explained by a coverage-dependent absorptivity. Second, the experiments were carried at constant coverage, with only the isotopic nature of the adsorbates varied. Third, in the present case, we can assume that the distance between formates was sufficiently large so as to limit any lateral interactions. This is supported by the fact that the number of surface formates is <1% of the number of surface oxide ions (see Table 2 ; multiply the values in the last and antepenultimate lines). Fourth, the decay of the formate signal over similar catalysts during isotopic exchange [29, 41] or during an Ar purge (data to be published) showed that a perfect single first-order decay was obtained, demonstrating that the absorptivity of formates was not coverage-dependent in these cases. Finally, the calibration plot given in Fig. 10b clearly shows that the DRIFTS signal of formates was proportional to formate surface concentration. In view of all of these arguments, it is unlikely that the absorptivity of formates was coverage-dependent in the present case.
Origin of the nonuniform reactivity of formates and carbonates
The twofold or greater increase in reactivity of surface intermediates could have various origins, which we did not explore in the present study. First, the sites of different reactivities could be related to Ce or La cations, or even to surface patches of the segregated oxides. The fact that the ratio of fast to slow species varied widely over the temperature range used (see the values of A f and A s in Table 1 ) while the fraction of La close to the surface (ca. 20 at%) was expected to remain approximately Table 2 Density of CO 2 precursors as measured by SSITKA over 0.6AuCL (161 m 2 g −1 ) Au was assumed to be 100% dispersed, leading to a surface O/Au ratio of ca. 1500. CeO 2 has a cubic cell with four oxygen atoms on each face, the surface area of which is ca. 2.92 × 10 −19 m 2 . The theoretical number of moles of oxygen atoms, or oxide ions, per m 2 of catalyst surface is 22.7 × 10 −6 . Fig. 12 . Schematic representation of the species populating the surface of the 0.6AuCL catalyst during the water-gas shift reaction. It is suggested that the surface species close to the Au centers are the most reactive, while those further away are essentially spectators. The origin of the difference of reactivity is unclear.
constant can be explained by a variable extent of adsorbate spillover with temperature [42] . Second, the promoting effect of the Au could spread to an increasing distance with higher temperatures. This could be due to an enhanced "normal-support activation" electronic effect [43] , to an increased extent of the "active" reduced ceria area around the Au particles as proposed for Pt/CeO 2 [25, 44] , or to an increased capture zone of slowly diffusing surface species, as proposed on Au/CeO 2 [28] . Third, and somewhat similar to the aforementioned point, the mobility of surface Au atoms should increase with temperature, explaining the larger fraction of reactive intermediates. A scheme summarizing these various possibilities is given in Fig. 12 .
It is interesting to note that the 0.6AuCL catalyst used here has the characteristic CO temperature reduction profile reported before for these Au-O-Ce surfaces (devoid of gold particles before reaction) [7] , with two resolved surface oxygen reduction peaks, noted as Os 1 and Os 2 . The Os 1 species was reduced below 473 K and thus would be expected to be partly reduced under our reaction conditions (2% CO + 7% H 2 O), in agreement with the fact that ceria was partly reduced during our investigation. Following an initial report by Löffler et al. [9] , ceria surface reduction and the formation of Ce(III) carbonates has a widely proposed cause of catalyst deactivation [11, 29, 45, 46] during the WGS reaction over ceria-based catalysts. Thus, it is possible that the most stable adsorbate (i.e., so-called "slow" species) would be that adsorbed on Os 1 sites. This stable formate would then become more reactive as the temperature increases and water activation and O-diffusion facilitate the reoxidation of Os 1 sites. More work would be required to probe the various possibilities proposed in this section and determine the true origin of the nonuniform reactivity observed.
It must be noted that the level of reduction of ceria under our less-reducing conditions must be limited, although it is observable. Mogensen et al. [47] have reported equilibrium plots describing the extent of ceria reduction as a function of the partial pressure of O 2 . Based on these plots, we estimate that bulk CeO 2 should be reduced to CeO 1.9 under our conditions, for which the corresponding theoretical O 2 pressure was ca. 10 −42 atm. WGS catalyst deactivation due to Ce(III) carbonate formation is established in the literature [11, 20] . As long as CeO 2 is completely oxidized, it does not adsorb CO 2 [48] . The presence of Ce 3+ in catalysts after the WGS reaction was identified by XRD [11] and by XPS [49] even though the Ce 3+ concentration may be overestimated by XPS [50] [51] [52] . The oxygen defect concentration increases with addition of trivalent La. Near the surface, the La (19.1 at%) content was more than twofold that in the bulk of ceria; the same is true for the corresponding concentration of oxygen vacancies. In the presence of Au, the surface reduction of ceria is much easier as evidenced by TPR data [18] . All surface oxygen of ceria was reduced below 473 K. Reactivation of ceria requires heating in air at T > 350 • C to decompose the carbonate [11] .
CO 2 precursors and readsorption effects
The number of reaction product precursors of CO 2 measured by the SSITKA method [53] [54] [55] over the 0.6AuCL are given in Table 2 . It should be stressed that these numbers are by no means to be taken as the number of active sites, because product readsorption can occur, leading to active site number overestimation. The number of CO 2 precursors increased with temperature and was always two orders of magnitude higher than the number of surface Au atoms (assuming 100% dispersion). Such a large number of precursors and the well-known facts that ceria is a strongly basic oxide and CO 2 is an acidic molecule raise the concern of extensive CO 2 readsorption during the course of the reaction.
Typical CO 2 desorption rate constant values over similar basic materials measured during 12 CO 2 -13 CO 2 exchanges (with no other reactive gas present) have been reported [56, 57] and were of a similar order of magnitude to that of the exchange rate constant k determined here, that is, 0.1-1 min −1 ( Table 1) . The apparent activation energy for CO 2 formation (determined from the reaction rate values) was equal to 40.0 kJ mol −1 , significantly greater than that of the exchange of CO 2 (i.e., 23.7 kJ mol −1 ). The apparent activation energy of CO 2 exchange (23.7 kJ mol −1 ) was actually similar to that of carbonate exchange (slow carbonate, 24.0 kJ mol −1 ; fast carbonates, 20.4 kJ mol −1 ). These observations strongly support the hypothesis that a significant fraction of CO 2 readsorbed on the catalyst as carbonates, and that the CO 2 (g) exchange was dominated by this "unreactive" adsorption/desorption phenomenon and masked the process of conversion of CO to CO 2 . A scheme summarizing the different events occurring during the reaction is given in Fig. 13 .
Although fast CO 2 readsorption/desorption occurred, involving a greater proportion of the surface at higher temperatures, it is still worth pointing out that a significant fraction of carbonates did not exchange over durations much greater than the time needed to complete CO 2 exchange, stressing the complex nature of the sample reactivity. A full analysis of the SSITKA data [53] gathered over such samples that exhibit a large concentration of adsorption sites and sites with varying reactivity is too complex to yield any unambiguous conclusions and thus was not attempted. Note that a more detailed SSITKA analysis was possible in the case of a low-basicity Pt/ZrO 2 material, for which the amount of CO 2 precursors was found to be even less that the number of surface Pt atoms [41] . In the present case, the number of CO 2 precursors was more than an order of magnitude higher than that of surface formates (Table 2). Because CO 2 readsorption occurred, such a high ratio cannot serve as evidence to rule in or rule out formates as surface intermediates.
Role of the formates detected by DRIFTS in CO 2 production
Whereas CO 2 readsorption hindered the analysis of the CO 2 -exchange signals, the observed exchange rate of formates and the corresponding steady-state surface coverage allowed us to calculate the specific rate of formate decomposition, which turned out to be an order of magnitude lower than the rate of CO 2 formation (Fig. 11) . These data unambiguously prove that the formats detected by DRIFTS are not main reaction intermediates in the formation of CO 2 during the WGS over this 0.6AuCL catalyst under our reaction conditions. These formates (slow + fast) should be labeled "minor reaction intermediates," not "spectators," because they still led to some reaction product, although at an almost negligible rate compared with that of the main, yet unknown route. As indicated by Behm et al. [28] , these formates could diffuse and react at the Ausupport interface, being a kind of "buffer" species storing CO at the surface of the sample. Nonetheless, it should be stressed that this does not prove by any means that the main reactive intermediate leading to the formation of CO 2 is a formate. The main WGS pathway remains unclear (Fig. 13) , for example, redox route or interface adduct (not excluding formates) of a concentration too low to be observable by in situ DRIFTS.
Conclusion
The following conclusions can be drawn from the results of our in situ DRIFTS-SSITKA study of the WGS reaction over a 0.6% Au/Ce(La)O 2 catalyst between 428 and 493 K:
1. The importance of fully quantifying not only the rate of exchange, but also the absolute amounts of surface species has been established, showing that otherwise very misleading conclusions about possible reaction intermediates can be drawn. 2. The specific rate of CO 2 formation was ca. 60 times higher than the rate of formate decomposition (fast + slow species) decomposition, showing that the formates detected by DRIFTS are not important in the main reaction pathway. 3. Nonuniform reactivity of the surface formates and carbonates was observed, which could be fitted to a bimodal distribution relating to slow-and fast-exchanging species. 4. A significant readsorption of the reaction product CO 2 occurred, which disguised the exchange curves and the number of precursors as determined by the SSITKA method.
